Abstract. The resistance of exponentially growing yeast cells to killing by exposure to 52 ~ C increased m a r k e d l y as the growth temperature was increased. Identical killing curves were obtained for cells suspended in growth m e d i u m or in 0.9 % saline. Cells resistant to killing at 52 ~ C were quite sensitive to killing at slightly higher temperatures. These results suggest a primary role for m e m b r a n e damage in the mechanism of heat killing.
A l t h o u g h m a n y studies have been m a d e of thermal damage to yeast and other microorganisms, the exact mechanisms of killing by t e m p e r a t u r e s / 2 -20 ~ C above the m a x i m u m for growth remain obscure (Inniss, 1975; Welker, 1976; Hurst, 1977) . While developing a m u t a n t selection procedure ( W a l t o n et al ., 1979 ) that exploits the difference in heat resistance between exponentially growing and stationary phase yeast cells (Schenberg-F r a s c i n o and Moustacchi, 1972; Parry et al., 1976) , we observed that the heat sensitivity of exponentially growing cells varied dramatically as a function of growth temperature. This observation seems to have i m p o r t a n t implications as to the mechanism of heat killing.
Materials and Methods
All experiments utilized the prototrophic haploid strain of Saccharornyces cerevisiae C276-4Aa (Walton et al., 1979) . Cultures were grown to exponential phase (approximately 107 cells/ml) in the Address for offprints : J. R. Pringle, Division of Biological Sciences. The University of Michigan, Ann Arbor, Michigan 48109, USA rich liquid medium YM-I (Walton et al., 1979) on rotary shakers at 23 ~ C, 30 ~ C, or 36 ~ C. From each exponential culture, a 2 ml portion was transferred to a separate prewarmed test tube in a water bath at 52~ Samples were taken from these test tubes at 1 min intervals, diluted in sterile distilled water at 0~ (to avoid any possibility of "liquid-holding recovery"
see Schenberg-Frascino, 1972) , sonicated to break up clumps (Walton et al., 1979) , and plated on YEPD plates (Walton et al., 1979) to determine the numbers of viable cells. Platings were made in duplicate within 1 h after sampling, and colonies were scored after 4 -5 days incubation at 23 ~ C. In a separate but similar experiment, 2ml portions from a culture growing exponentially at 36~ were transferred to prewarmed test tubes in water baths at 52~ 55~ 57~ or 59~ Sampling, plating, and scoring of plates were as just described. In another experiment, samples taken from the exponentially growing cultures were filtered through sterile Millipore filters (type HAWP, 0.45 gm pore size) and washed with 0.9 % (w/v) NaC1 solution at the temperature at which the cells had been grown. Each filter was then quickly transferred to 2 ml of 0.9 % NaC1 solution at 52 ~ C and shaken vigorously for a few seconds. The resuspended cells were then poured into a second prewarmed test tube, and incubation was continued at 52~ Sampling, plating, and scoring of plates were as described above.
Results

G r o w t h of yeast cells at 23~
30~ or 36~ prior to exposure to 52 ~ C p r o d u c e d dramatic differences in heat sensitivity (Fig. 1A) . A culture growing exponentially at 23~ had a 1000-fold decrease in the number of cells capable of forming colonies during an 8 min exposure to 52 ~ C, while cultures growing at 30~ and 36~ had 30-fold and 2-fold decreases, respectively.
In order to determine whether these results had been influenced by the presence of nutrients in the suspending medium, cells grown at 23 ~ C or 36 ~ C were exposed to 52~ in 0.9 % NaC1 rather than in growth medium. Results indistinguishable from those of Fig. 1A were obtained (data not shown).
In order to determine the extent of the heat resistance of the cells that had been grown at 36 ~ C, such cells were exposed to 52~ 55~ 57~ and 59~ M o r e rapid losses of viability were observed at the 0302-8933/80/0124/0285/S01.00 Arch. MicroNol., Vol. 124 (1980) higher temperatures (Fig. 1B) , but even at the higher temperatures, 23~ cells were much more sensitive than 36~ cells (data not shown).
The mechanism by which heat-induced membrane disruption leads to cell death may be more complex than a simple lysis of the cell. For example, the disruption of membrane organization might inactivate essential membrane-bound enzymes (Welker, 1976) . Alternatively, membrane disruption might lead to a breakdown in the compartmentation of cellular hydrolases, which could then inflict lethal damage on the cell. Indeed, there is evidence that the genetic damage observed after exposure to heat is largely enzymatic in origin (Welker, 1976) . Thus, it may be possible to reconcile the evidence that membrane damage is important in heat killing with the seemingly strong evidence (Schenberg-Frascino and Moustacchi, 1972; Evans and Parry, 1975; Tyrrell, 1976; Welker, 1976 ) that genetic damage is also involved.
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Discussion
Effects of growth temperature on heat sensitivity similar to those described here have been reported also for bacteria (Elliker and Frazier, 1938; Welker, 1976; Yatvin, 1977) . Among the hypotheses that have been advanced to account for heat killing, the idea that damage to cellular membranes is the primary lethal event provides the readiest explanation for these observations. Many organisms respond to variations in environmental temperature by adjusting the lipid and protein composition of their membranes in such a way as to achieve "homeoviscous adaptation" (Esser and Souza, 1976; Arthur and Watson, 1976; Welker, 1976) .
It seems likely that Saccharomyces cerevisiae also achieves an effective homeoviscous adaptation (Chang and Matson, 1972; Hunter and Rose, 1972; Shimizu and Katsuki, 1975) . It also seems likely that such adjustments of membrane composition would cause the membranes from cells grown at higher temperatures to be less susceptible to disruption and lysis by heat shock, and there is direct evidence to this effect (Chang and Matson, 1972; Hagler and Lewis, 1974; Welker, 1976) . Moreover, bacterial mutants that do not achieve a normal membrane lipid composition during growth at higher temperatures are much more sensitive to heat killing than are the parent strains (Esser and Souza, 1976; Yatvin, 1977) .
